The cauda epididymidis is the major sperm storage region whose androgenic supply, essential for the sperm viability, is provided by the vasculature and is dependent upon testosterone diffusion through the stromal tissue to reach the epithelial cells. We have focused our efforts on examining the regulation of this important epididymal region by evaluating the impact of the androgen disrupter cimetidine on the epithelial-stromal androgenic microenvironment. Male rats received 100 mg/kg cimetidine (CMTG) or saline (CG) for 50 days, serum testosterone levels were measured and the epididymal cauda region was processed for light and transmission electron microscopy. In the proximal cauda region, the duct diameter was measured and birefringent collagen in the stroma was quantified. TUNEL-labeled epithelial cells were quantified, and androgen receptor (AR), karyopherin alpha (KPNA) and sex hormonebinding globulin (SHBG) levels were analyzed by immunofluorescence and Western blot. CMTG showed reduced duct diameter and high number of apoptotic epithelial cells. In the epithelium, the total AR concentration and the KPNA immunoreactivity were reduced, and a weak/absent AR nuclear immunofluorescence was observed in contrast to the enhanced AR immunolabeling observed in the cytoplasm of the epithelial cells. A significant reduction of collagen and SHBG levels in the stroma was also observed. Cimetidine treatment impairs AR nuclear import in the epithelium, causing androgenic dysfunction and subsequent epithelial cell apoptosis and duct atrophy. The connective tissue atrophy and reduction of SHBG stromal levels associated with epithelial androgenic dysfunction indicate a possible role of stromal SHBG in the androgenic supply of the sperm storage region of the epididymis.
Introduction
During the transit through the caput and corpus epididymidis, spermatozoa acquire progressive motility and the ability to fertilize an egg (Robaire & Hinton 2002) . When mature spermatozoa reach the cauda epididymidis, they are stored at a quiescent and viable state to maintain their motility and fertilizing ability before ejaculation (Cooper 1986 , Robaire & Hinton 2002 . Maturation and storage processes depend upon a complex luminal fluid produced by the epididymal epithelial cells (Hinton & Palladino 1995) , which are highly dependent on androgens, mainly dihydrotestosterone (DHT) (Robaire & Hamzeh 2011) . Androgens regulate protein secretion (Moore & Bedford 1979) , water and ion resorption (Wong & Yeung 1978 in the cauda epididymidis, which is essential in preventing premature sperm capacitation (Cooper 1986 ). Therefore, changes in the androgen levels impair epididymal epithelium structure and function, leading to alterations in the sperm storage microenvironment (Orgebin-Crist et al. 1975 , Foldesy & Bedford 1982 , Robaire & Hinton 2002 and male infertility (Robaire & Hinton 2002) .
Epididymal androgens are provided via luminal fluid from the testis and/or from the circulation (Robaire & Hamzeh 2011) . In these biological fluids, testosterone is bound to sex hormone-binding globulin (SHBG) (Hammond 2011 , Robaire & Hamzeh 2011 , also called androgen-binding protein (ABP) which is produced and secreted from the same transcription unit of SHBG by Sertoli cells (Hammond 2011) . In the proximal regions of the epididymis, SHBG, produced by Sertoli cells and bound to testosterone, is endocytosed by the principal cells (PCs) of the epididymal epithelium (Gueant et al. 1991 , Hermo et al. 1998 , leading to decrease in SHBG levels in the luminal fluid of the epididymal cauda region (Robaire & Hamzeh 2011) .
The general function proposed for SHBG in the blood is to regulate the bioavailability of steroid hormones. According to the free hormone hypothesis, only the free fraction of steroid hormone is able to diffuse from the vasculature to the target cells and, therefore, is biologically active (Mendel 1989 , Laurent et al. 2016 . However, androgen-dependent cells are often in a multicellular organ, in which they are compartmentalized and separated from the vasculature (Hammond 2016) . Therefore, the free hormone hypothesis can explain how steroids act in cells that are in intimate contact with the vasculature; however, it is not clear how these hormones can reach more distant cells which are separated from the blood stream by stromal tissue and basement membrane (Hammond 2002 (Hammond , 2016 . In more complex human tissues, where the steroid target cells are not in close contact with the blood vessels, such as the prostate (Sinnecker et al. 1988) and breast (Sinnecker et al. 1990) , extravascular sequestration of SHBG has been observed. This protein has also been found in the stroma of the endometrium and epididymis from transgenic mice expressing human SHBG (Ng et al. 2006) . The presence of SHBG in these complex tissues points to a function that goes beyond the simple regulation of the bioavailability of steroid hormones. This protein could be responsible for the transport of hormones from the blood across the stroma to the epithelium (Ng et al. 2006) .
In epididymal epithelial cells, testosterone is reduced by 5α-reductase to DHT, the biologically active androgen in the epididymis, which is able to bind to the androgen receptor (AR) (Robaire & Hamzeh 2011) . AR is a nuclear steroid receptor that translocates to cell nuclei and acts as a transcription factor (Pratt & Toft 1997 , Bennett et al. 2010 . In the absence of its ligand, the inactive AR is maintained in the cytoplasm, forming a heterocomplex (Pratt & Toft 1997) . When an agonist, for example DHT, binds to AR, a conformational change occurs and the receptor dissociates from the heterocomplex, exposing the nuclear localization signal (NSL) (Pratt & Toft 1997 , Bennett et al. 2010 . Then, karyopherin alpha (KPNA), a nuclear import protein, binds to the AR NSL (Cutress et al. 2008 ) and subsequently forms a complex with karyopherin beta (KPNB) (Kumar et al. 2006) . KPNB is responsible for the nuclear pore docking of the complex, in which RAN, a GTPase, mediates the translocation of AR to the nucleus (Chook & Blobel 2001) . Based on the fact that under androgen withdrawal, AR is maintained in the cytoplasm, studies have focused on the regulation of nucleocytoplasmic trafficking of AR in an attempt to clarify how AR subcellular localization is regulated either in androgen-dependent cells or in castrationresistant cells, such as prostate cancer cells (Dar et al. 2014) . Antiandrogens can act via different mechanisms (Georget et al. 2002) ; cyproterone acetate, for example, impairs the translocation of AR to the nucleus (Tezón et al. 1982 , Tyagi et al. 2000 , whereas flutamide allows the translocation of AR to nucleus, but interferes in the binding of AR to DNA (Farla et al. 2005 , Lydka et al. 2011 . Therefore, understanding the mechanisms of action of androgen or antiandrogens in this context has been clinically relevant (Dar et al. 2014) .
Cimetidine is an H 2 receptor antagonist that inhibits acid secretion by binding to these receptors in stomach parietal cells (Brogden et al. 1978) . This drug also has anti-adhesion, antiangiogenic and immunomodulatory properties, making it usable as adjuvant therapy in the treatment of different types of cancers, such as gastric and colorectal (Kubecova et al. 2011) . In male patients, cimetidine has caused hormonal changes (Wang et al. 1982) , gynecomastia (Spence & Celestin 1979 ) and a reduction in sperm concentration (Van Thiel et al. 1987) . In kidney cells, prostate and pituitary, this drug interacts with AR and antagonizes androgen action on androgen target tissues, indicating an antiandrogenic effect (Funder & Mercer 1979 , Winters et al. 1979 , Knigge et al. 1983 . In rats treated for long periods, this drug has caused testicular changes, such as reduction of the seminiferous epithelium due to apoptosis of germ cells and Sertoli cells (Sasso-Cerri & Miraglia 2002 , Sasso-Cerri & Cerri 2008 , Beltrame et al. 2011 , and disorganization of peritubular tissue (França et al. 2000 , Sasso-Cerri & Cerri 2008 . The treatment of rats with 100 mg/kg of cimetidine for a long period has caused reduction in serum testosterone levels (Beltrame et al. 2015) and in sperm concentration (Beltrame & Sasso-Cerri 2016) . This drug has also impaired the vas deferens structure associated with the reduction of AR immunoexpression in muscle cells (Koshimizu et al. 2013) . Therefore, these data point to a potential effect of cimetidine as an androgen disrupter in the male reproductive system.
In contrast to other regions of the epididymis, the epithelial access to androgens in the cauda sperm storage region depends on the transport of hormones from the blood stream across the stroma to the epithelial cells. Therefore, we evaluated the impact of cimetidine on the cauda epididymidis androgenic microenvironment, focusing on the stromal SHBG levels and on the immunolocalization of AR and KPNA in the epithelium. The consequent effect of the treatment on the cauda epididymidis stromal and epithelial integrity was also evaluated.
Materials and methods

Animal procedures
The Ethical Committee for Animal Research of São Paulo Federal University (UNIFESP/EPM, Brazil) and the Ethical Committee for Animal Research of São Paulo State University (UNESP/FOAr) approved the protocol regarding the animal use and experimental procedures.
Twenty Holtzman 100-day-old male rats (Rattus norvegicus albinus) were maintained in polypropylene cages under 12 h light and 12 h darkness cycle at controlled temperature (23 ± 2°C), with water and food ad libitum. The animals were distributed into cimetidine (CMTG; n = 10) and control (CG, n = 10) groups. CMTG received daily intraperitoneal injections of cimetidine (Hycimet, Hypofarma, Ribeirão das Neves, Brazil) 100 mg/kg of body weight (Beltrame et al. 2011 , 2012 , Koshimizu et al. 2013 ) and the CG received saline solution by the same route. The dosage used in this study (100 mg/kg bw) was based on the therapeutic dose range of cimetidine usually administered to humans, which is 800-1200 mg/day (≅17 mg/kg/day) for gastric or ulcer treatment, and 2000 mg/ day (≅28.5 mg/kg/day) for the treatment of Zollinger-Ellison syndrome (Brogden et al. 1978) . Applying the BW 3/4 scaling for the calculation of dosage to be applied to animal model (rats) (Epa 2006) , the dosage used in this study (100 mg/kg) is equivalent, in humans, to 27.5 mg/kg (1920 mg/day). According to Brogden et al. (1978) , doses of cimetidine below 2400 mg/ day, a therapeutic dosage, do not cause systemic toxicity.
All groups were treated for fifty consecutive days, which corresponds to the seminiferous epithelium cycle in the rat (Clermont et al. 1959) , and induces testicular changes (França et al. 2000 , Sasso-Cerri & Miraglia 2002 , Sasso-Cerri & Cerri 2008 , Beltrame et al. 2011 , 2012 . In patients, the clinical use of cimetidine is over a long period of time. For the treatment of ulcers, the period extends to 4-6 weeks (Clayman 1977 , Brogden et al. 1978 ) and 1-2 years for the treatment of cancer (Matsumoto et al. 2002) .
After treatment, the animals were anesthetized with 80 mg/ kg BW of ketamine hydochloride (Francotar, Virbac do Brasil Ind. Com. Ltda, Jurubatuba, Brazil) and 8 mg/kg BW of xylazine hydrochloride (Virbaxyl; Virbac do Brasil Ind. Com. Ltda Jurubatuba, Brazil). The epididymides were weighed and the epididymal cauda region was removed, fixed for histological analyses or frozen at −80°C for molecular analysis (Lim et al. 2011) .
Testosterone measurement
Serum testosterone levels were determined at São Lucas Clinical Analysis Laboratory (Araraquara, SP, Brazil) by chemiluminescence immunoassay using Access 2 Immunoassay System (Beckman Coulter, Brea, CA, USA). The Access Testosterone Immunoassay kit (Beckman Coulter) was used and the analytical sensitivity was 10 ng/dL.
Histological procedures for light microscopy
The cauda epididymides from six animals of each group were fixed for 48 h at room temperature in 4% formaldehyde buffered at pH 7.4 with 0.1 M sodium phosphate, dehydrated in ethanol and embedded in glycol methacrylate (historesin) or paraffin. Historesin sections were stained with H.E. (Cerri & Sasso-Cerri 2003) for morphological analysis, and the paraffin sections were submitted to picrosirius staining, TUNEL method and immunofluorescence. All parameters were evaluated in the proximal region of the cauda epididymidis (Reid & Cleland 1957 , Robaire & Hermo 1988 , which corresponds to segments 15 and 16 (Domeniconi et al. 2016) .
Transmission electron microscopy (TEM)
Epididymal tissue was fixed for 16 h in a mixture of freshly prepared 4% formaldehyde and 5% glutaraldehyde buffered at pH 7.2 with 0.1 M sodium cacodylate. After washing in 0.1 M sodium cacodylate at pH 7.2, the tissue was transferred to sodium cacodylate-buffered 1% osmium tetroxide at pH 7.2 for 1 h. The tissue was then immersed in 2% aqueous uranyl acetate for 1.5 h, dehydrated in graded concentrations of ethanol, treated with propylene oxide and then embedded in Araldite (Beltrame et al. 2012 (Beltrame et al. , 2015 . Ultrathin sections were collected on grids, stained in alcoholic 2% uranyl acetate and lead citrate and examined in a transmission electron microscope (Tecnai G2 Spirit, FEI Company).
Diameter of epididymal duct
A DP-71 camera attached to Olympus BX-51 microscope and an Image-Pro Express 6.0 Olympus Image-Pro system were used to measure the diameter of the duct. In four non-serial H.E.-stained sections of the cauda epididymidis per animal, the diameters of duct profiles of the proximal regions were measured (µm), totaling 52 duct profiles per animal.
Analysis of birefringent collagen under polarized light
Four non-serial sections per animal from CG and CMTG were stained using the picrosirius-red method and analyzed under polarized light (Olympus BX-51 microscope). In 10 fields of proximal region of the cauda epididymidis, totaling an area of approximately 92,000,000 µm 2 , the area occupied by birefringent collagen was measured using Leica Application Suite software (LAS 4.3, Leica).
TUNEL method and quantification of the number of TUNEL-positive cells
The TUNEL method was performed as previously described (Sasso- Cerri & Miraglia 2002 , Beltrame et al. 2011 , 2012 and following the ApopTag Peroxidase In Situ Kit (Millipore) manufacturer's instructions. After treatment with proteinase K (Sigma-Aldrich) and inactivation of endogenous peroxidase with hydrogen peroxide, the sections were treated with an equilibration buffer for 30 min at room temperature and incubated in terminal deoxynucleotidyl transferase (TdT) at 37°C for 1 h. The sections were incubated in anti-digoxigeninperoxidase followed by 0.06% 3,3′-diaminobenzidine (DAB: Sigma-Aldrich) and counterstained with Carazzi's hematoxylin. Sections used as negative controls were processed in the same manner, except that they were incubated in a TdT-free solution.
In two non-serial epididymal sections per animal, the number of TUNEL-positive epithelial cells in the proximal region of the cauda epididymidis was quantified in a total standard epithelial perimeter of 18,000 µm. The number of TUNEL-positive epithelial cells/µm of epithelial surface was obtained.
AR, KPNA and SHBG immunofluorescence
For antigen recovery, the slides containing non-serial paraffin sections were immersed in 0.001 M sodium citrate buffer pH 6.0 and heated in a microwave oven at 90°C for 30 min. The sections were incubated overnight with the following primary antibodies: rabbit anti-AR polyclonal antibody (1:150; Millipore, Temecula, USA; 06-680 PG-21), rabbit anti-SHBG polyclonal antibody (1:50; Santa Cruz Biotechnology; sc-32890) and rat anti-KPNA monoclonal antibody (1:100; Santa Cruz Biotechnology; sc-101540) in a humidified chamber at 4°C. After washing in PBS, the sections were incubated at room temperature in the dark for 1 h, respectively, with Alexa Fluor 594 anti-rabbit antibody (1:1000; Molecular Probes by Life Technologies), Alexa Fluor 498 anti-rabbit antibody (1:1000; Molecular Probes by Life Technologies) and FITC goat anti-rat antibody (1:100; Santa Cruz Biotechnology; sc-2011). In the latter case, the sections were incubated with goat serum for 30 min before incubation with secondary antibody to avoid unspecific binding of anti-rat secondary antibodies to the tissue (Nybo 2012) . The sections were washed in PBS, and the nuclear staining was performed with DAPI (Molecular Probes by Life Technologies) for 5 min in the dark at room temperature. The slides were mounted with Fluoromount G mounting medium (EMS, Hatfield, USA). As negative controls, sections were incubated with non-immune serum in place of primary antibodies.
Sections of mouse cauda epididymidis as well as sections of rabbit and rat heart, which express high levels of KPNA (Tsuji et al. 1997) , were used as positive controls to confirm the specificity of the antibodies. Sections of human cauda epididymidis and rat testis were also used to confirm the specificity of the SHBG immunoexpression.
AR, KPNA and SHBG immunofluorescent areas
The analysis of the immunofluorescence was performed using a DFC 550 Camera (Leica) attached to a BM4000 B LED microscope (Leica), and the Leica Application Suite software (LAS 4.3, Leica) .
The measurement of AR, KPNA and SHBG immunoexpression was performed in the proximal region of four non-serial sections of the cauda epididymidis per animal. In the AR and KPNA immunolabeled sections, a standardized total epithelial area of 50,000 µm 2 was measured. In this area, the nuclear and cytoplasmic AR immunofluorescent areas as well as KPNA immunofluorescent area were measured, and the area per µm 2 of epithelium was obtained. The AR immunofluorescent nuclear/ cytoplasmic ratio was also calculated. SHBG immunofluorescent area was measured in a standardized total connective tissue area of 560,000 µm 2 per animal, and the immunofluorescent area/µm 2 of connective tissue was calculated. During each immunoreaction analyzed in the sections from CG and CMTG, all the parameters of the software, including threshold adjustment and color range -hue, saturation and intensity (LAS 4.3, Leica) -were rigorously calibrated/ standardized for each image analyzed.
Total protein extraction
Frozen cauda epididymidis regions from CG and CMTG epididymides were homogenized using lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF)), containing 5 ng/mL of each of the following protease inhibitors: Pepstatin, Leupeptin, Aprotinin, Antipain and Chymostatin (Sigma-Aldrich; P8340). After overnight incubation at 4°C, the homogenates were centrifuged for 20 min at 8,944 g and 4°C, and the supernatant was collected. Protein concentration was determined using Bradford assay (Sigma-Aldrich; B6916), and Western blot for SHBG detection was performed. Rat testis extract was used as positive control.
Subcellular fractionation
The extraction of nuclear and cytoplasmic proteins from the cauda epididymidis of CG and CMTG animals was performed following the instructions from the Nuclear Extraction Kit (Abcam; ab113474). Nuclear and cytoplasmic protein concentrations were measured using Bradford assay (SigmaAldrich; B6916) and Western blot for AR and actin detection was performed in both fractions.
Western blot
Protein samples were separated in 12% SDS-PAGE and transferred to a nitrocellulose membrane (GE Healthcare). The membranes were treated for 1 h with blocking solution containing 5% non-fat dry milk diluted in PBS/T (PBS/0.05% Tween 20) for nonspecific blocking and incubated overnight at 4°C with the following primary antibodies: rabbit anti-SHBG polyclonal antibody (1:200; Santa Cruz Biotechnology; sc-32890); rabbit anti-AR polyclonal antibody (1:800; Millipore; 06-680 PG-21) diluted in blocking solution. After washes in PBS/T, membranes were incubated with HRP conjugated antirabbit secondary antibody (1:7500; Sigma-Aldrich), diluted in blocking solution for 1h at room temperature. The reactions were detected using enhanced chemiluminescence system (ECL). For positive controls, the membranes were stripped and incubated with rabbit anti-actin antibody (1:8000; SigmaAldrich). The assays were reproduced in triplicate for each group (CG and CMTG). The optical density values of protein bands were analyzed by optical densitometry using ImageJ (version 1.50i) analysis software (NIH), and protein levels were normalized to actin.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 6.01 software. The data were analyzed by Student's t-test at a significance level of P ≤ 0.05.
Results
Serum testosterone levels and epididymal weight
In CMTG, the serum testosterone levels and the epididymidis weight decreased significantly in comparison with CG ( Fig. 1A and B) .
Morphological features and collagen content
In animals from the CG, the proximal cauda epididymidis sections showed normal pseudostratified epithelium ( Fig. 2A, C and E) , in which PCs, clear cells and basal cells (BCs) were observed ( Fig. 2C and E) . A welldefined fibrous muscular layer surrounding the epithelia and a vascularized loose connective tissue among the duct profiles were observed ( Fig. 2A and C) . However, in epididymal sections of animals from the CMTG, the duct profiles showed irregular shape and reduced diameter (Fig. 2B ) compared to CG ( Fig. 2A) . Epithelial cells showing small nucleus with strongly basophilic and condensed chromatin were found (Figs 2D, F and 3G) . The morphometric analysis showed a significant reduction in the duct diameter compared to CG (Fig. 2H) .
In H.E.-( Fig. 2A , B, C and D,) and picrosirius-( Fig. 3A  and B ) stained sections, a reduction in the connective tissue stroma was observed in the proximal cauda epididymidis of animals from the CMTG (Figs 2B, D and 3B). In this group, the area occupied by birefringent collagen in the connective tissue was reduced significantly (45%) when compared to the CG (Fig. 3C) .
TUNEL-positive epithelial cells and apoptotic features
In the CG, scarce TUNEL-labeled cells were found in the epididymal epithelium (Fig. 4A) , whereas in the CMTG animals, numerous TUNEL-positive epithelial cells were observed (Fig. 4B , C, D, E and F). This finding was confirmed by the quantitative analyses in which a highly significant increase in the number of TUNEL-positive epithelial cells was observed in the CMTG compared to the CG (Fig. 4I) . TUNEL-positive structures were not found in negative controls (data not shown). TEM showed epithelial cells having an irregular-shaped nucleus and electron dense masses of condensed chromatin in the nuclear periphery from CMTG animals (Fig. 4H ) in comparison to the normal aspect of the cells in CG (Fig. 4G) .
Detection of AR
In the proximal cauda epididymidis region of animals from the CG, strong AR immunofluorescence was observed in the nuclei of PCs, BCs and fibroblasts (Fig. 5A, B, C and D) . However, in the CMTG, a diffuse AR immunofluorescence was observed in the cytoplasm of PCs, while the nuclei of these cells showed a weak or no AR immunofluorescence (Fig. 5F, G and H) .
Immunolabeled structures were not observed in negative controls for detection of AR (data not shown).
The AR immunofluorescent nuclear area decreased in CMTG, whereas the AR immunofluorescent cytoplasmic area increased in this group when compared with CG; thus, the AR immunofluorescent nuclear/cytoplasmic ratio decreased significantly (86%) in CMTG when compared with CG (Fig. 5I) .
The optical densitometry of the Western blot analysis revealed that the total AR concentration in the cauda epididymidis decreased in CMTG (Fig. 5J) . The analysis of the subcellular fractions showed high levels of AR in the nuclear extract, while a weak signal was found in the cytoplasmic extract of CG. In samples from the CMTG, a strong AR signal was detected in the cytoplasmic extract compared to a weak signal in the nuclear extract. The optical densitometry of protein levels confirmed the differences between the groups. In both groups, a strong actin signal was only detected in the cytoplasmic extracts, confirming the purity of the cytoplasmic and nuclear fractions (Fig. 5K) .
Detection of KPNA
In the cauda epididymidis epithelial cells of animals from the CG, strong KPNA immunofluorescence was observed in the cytoplasm, mainly in the perinuclear area (Fig. 6A, B and C) , whereas in CMTG, a diffuse and weak cytoplasmic KPNA immunofluorescence was seen in the epithelial cells ( Fig. 6E and F) . In the sections used as negative control, immunofluorescence was not observed (Fig. 6G) . However, in mouse cauda epididymidis sections, the KPNA immunofluorescence pattern in the epithelium was similar to that observed in the epithelium of rat epididymal sections from CG (Fig. 6H ). An intense immunofluorescence was also observed in rat and rabbit heart cross sections ( Fig. 6I  and J) , confirming the specificity of the antibody.
The morphometric analysis showed that KPNA immunofluorescent epithelial area was reduced significantly (78%) in CMTG compared to CG (Fig. 6K) .
Detection of SHBG
An enhanced SHBG immunofluorescence was observed in the connective tissue of the proximal cauda region from the CG (Fig. 7A, B and C) , whereas a scarce SHBG immunofluorescent connective tissue was observed in animals from the CMTG (Fig. 7D, E and F) . A strong immunolabeling was also observed in the connective tissue of the human epididymal cauda, similar to the rat epididymis of CG (Fig. 7G ). In the rat testicular sections, strong immunofluorescence was observed in the Sertoli cells (Fig. 7H ). In the sections used as negative controls, immunofluorescence was not observed (data not shown).
In CMTG, the SHBG immunofluorescent area reduced significantly (71%) compared to the CG (Fig. 7I) . Western blot analysis showed a weak signal for SHBG in CMTG when compared to CG, as confirmed by the optical densitometry (Fig. 7J) . A strong SHBG signal was observed in the rat testis extract (Fig. 7J) .
Discussion
Cimetidine has caused sexual disorders in male patients (Spence & Celestin 1979 , Wang et al. 1982 , Van Thiel et al. 1987 ) and has demonstrated a competitive action with testosterone by AR in kidney cells (Funder & Mercer 1979) , hypophysis (Knigge et al. 1983 ) and prostate (Winters et al. 1979) , indicating that this drug exerts an antiandrogenic effect. In male rats, cimetidine has caused decrease in the serum testosterone levels (F, G and H) . In (A) and (E), DAPI nuclear immunofluorescence. In (B, C (high magnification of B) and (D)), strong AR immunolabeling is observed in the nuclei of principal cells (thick arrows), basal cells (thin arrows) and fibroblasts (arrowheads), whereas the cytoplasm shows a weak or absent immunolabeling. In (F, G (high magnification of F) and (H)), principal cells show diffuse AR immunolabeling in the cytoplasm (thick arrows) and weak or negative AR immunolabeling in the nuclei. (I) The AR immunofluorescent nuclear/cytoplasmic ratio is reduced in CMTG. (J) Total AR optical density (AR OD) of Western blot shows low levels of AR in the cauda epididymidis of CMTG. (K) Western blot analysis of AR levels in cauda epididymidis cytoplasmic (Cyt) and nuclear (Nu) extracts. Strong bands at 110 kDa, corresponding to the AR molecular weight, are detected in the nuclear fraction of CG and cytoplasmic fraction of CMTG. AR optical density (AR OD) shows increased AR levels in the cytoplasm and low AR levels in the nucleus of CMTG when compared to CG. Actin signal is observed in the cytoplasmic fraction of both groups.
Figure 6 (A, B, C, D, E, F, G, H, I and J) Photomicrographs of cauda epididymidis sections from CG (B and C) and CMTG (E and F)
showing immunofluorescence of karyopherin alpha (KPNA). In (A) and (D), DAPI nuclear labeling. Negative (G) and positive (H, I and J) controls are shown. In (B) and (C), an enhanced perinuclear immunolabeling is observed in the epithelial cells of CG (thin arrows) in contrast to weak KPNA immunofluorescence shown in CMTG (E and F; thin arrows). In (G), immunofluorescence is not observed in the section of the rat cauda used as negative control. In (H), section of mouse cauda (positive control) showing similar immunoexpression pattern to CG. In (I and J), cross sections of rat and rabbit heart, respectively, used as positive controls, show enhanced KPNA immunoreactivity. (K) A significant reduction in the KPNA immunofluorescence area per µm 2 of the cauda epididymal epithelium is observed in CMTG compared to CG. due to Leydig cell apoptosis (Beltrame et al. 2015) as well as reduction in the testosterone release by pig Leydig cells in vitro (Goda et al. 2017) . Reduction in the sperm concentration (Beltrame & Sasso-Cerri 2016) together with structural and functional disorders in the testes (França et al. 2000 , Sasso-Cerri & Miraglia 2002 , Sasso-Cerri & Cerri 2008 , Beltrame et al. 2011 , 2012 and vas deferens (Koshimizu et al. 2013 ) have also been caused by cimetidine, indicating that this drug acts as an androgen disrupter in the male reproductive system. In the present study, in addition to the reduction in the testosterone levels, cimetidine impaired the epididymal sperm storage region histophysiology by reducing the collagen content and the stromal SHBG levels and by impairing the AR nuclear import in the epithelial cells. The subsequent epithelial cell apoptosis was responsible for the reduction of the epididymal duct diameter, which, in association with the loss of stroma collagen, contributed to the significant reduction of epididymal weight.
Antiandrogens can act via different mechanisms, such as decreasing androgen synthesis, disrupting pituitary-gonadal axis and/or blocking at least one step of AR action (Georget et al. 2002 , Vo et al. 2009 . Androgen withdrawal or the antiandrogen cyproterone acetate, for example, impairs the translocation of AR to the nucleus (Tezón et al. 1982 , Tyagi et al. 2000 , Dar et al. 2014 , whereas flutamide impairs the binding of this receptor to DNA (Farla et al. 2005) . In the cimetidine-treated rats, the epididymal epithelial cells showed enhanced immunolocalization of AR in the cytoplasm associated with weak/no immunoexpression in the nuclei. These results were supported by Western blot analysis and indicate that cimetidine interferes in the AR nuclear import. It is known that cimetidine competes with testosterone for AR (Funder & Mercer 1979 , Winters et al. 1979 , Knigge et al. 1983 , and the AR nuclear import depends on DHT binding to AR (Pratt & Toft 1997 , Bennett et al. 2010 . Therefore, the failure of the AR to be imported into the nucleus, observed in this study, may be caused by insufficient epithelial androgenization in response to two possibilities: the reduced serum testosterone levels associated to low stromal SHBG levels and/or a direct antagonist effect of cimetidine on the AR (Fig. 8) . To clarify this further, a future experiment would be designed to evaluate the immunolocalization of AR in a cimetidine + testosterone group.
The translocation of AR to the nucleus is mediated by karyopherin alpha -KPNA (Cutress et al. 2008 ), a nuclear import protein specialized in transport of factors involved in cellular differentiation and cancer progression (Okada et al. 2008 , Pumroy & Cingolani 2015 . In the cimetidine-treated rat group, the increased AR concentration in the cytoplasm of epithelial cells was concomitant with a reduced KPNA immunoexpression in these cells, reinforcing the failure in the AR nuclear import. Reduced nuclear import has also been related to a decline in KPNA availability in cells following viral infection (Pumroy & Cingolani 2015) . It has been demonstrated that KPNA gene expression is regulated by the Krüppel-like factors (Klf) 2 and 4 (Kamikawa et al. 2011) in mouse embryonic stem cells. Although Klf4 has been shown to be present in the epithelium of all regions of the epididymis, the role of this protein in this organ has not been clarified (Godmann et al. 2010) . However, a recent study has demonstrated that Klf4 gene expression is dependent upon AR activation in androgen-sensitive prostate tumor cell line (Siu et al. 2016) . Therefore, further studies need to be designed in attempt to clarify whether the reduced KPNA levels induced by cimetidine may be a result of low Klf4 expression following androgen dysfunction in the epithelial cells.
In the present study, the TUNEL method in association with the ultrastructural features of epithelial cells confirmed the occurrence of apoptosis in these cells, as has also been demonstrated in other cell types (Cerri & Katchburian 2005) . It is known that DHT in the epididymis regulates the expression of genes associated with cell survival, proliferation and growth (Robaire & Hamzeh 2011) . Under androgen withdrawal, all segments of the epididymis undergo apoptosis, leading to a reduction in duct diameter (Fan & Robaire 1998 , Kempinas & Klinefelter 2014 . In the present study, the high apoptotic index induced by cimetidine was coincident with the reduction of epididymal duct diameter. It is known that responses to androgens in androgen-dependent tissues have been associated with AR concentration (Song et al. 1991) , as well as decreasing AR levels have been correlated with decreasing testosterone levels after castration (Suzuki et al. 1997) . Therefore, the cimetidine-induced high epithelial apoptotic index is related to the AR dysfunction due to a possible deficient androgenic supply to the epithelial cells. This hypothesis is reinforced not only by the interference of cimetidine on the AR nuclear import, but also by the reduction of the total AR levels in the cauda epididymidis.
The reduction in the collagen content of the connective tissue stroma within the cauda epididymidis region reinforces the cimetidine-induced failure in the androgen bioavailability. The synthesis of matrix components, including collagen, is stimulated by androgens in fibroblasts of the prostate (Yu et al. 2012) and the vocal cords (Mukudai et al. 2015) . In this study, cimetidine caused significant reduction in serum testosterone levels, as previously demonstrated (Beltrame et al. 2015) . Thus, the atrophy of connective tissue observed in this study may be due to reduced serum (A) , under normal condition, testosterone (T) from blood stream may stimulate the collagen production by fibroblasts. The high concentration of SHBG in the stroma may be responsible for the hormonal supply to the epithelium. T binds to SHBG in the stroma and is probably delivered by unclear mechanism to the epithelial cells. In these cells, T is converted into dihydrotestosterone (DHT) by 5alpha-reductase. When DHT binds to androgen receptor (AR), the nuclear localization signal (NSL) is exposed and karyopherin alpha (KPNA) binds to NSL. Karyopherin beta (KPNB) binds to KPNA, and AR + DHT is translocated to the nucleus, stimulating gene expression. In (B), following cimetidine treatment, the stromal atrophy (represented by reduced collagen content) may be caused by low levels of serum T and/or by a direct antiandrogenic effect of cimetidine on the fibroblasts. The low levels of SHBG in the stroma associated with low levels of T may impair epithelial androgenization. In the epithelial cell, under absence of T, DHT is unavailable and AR is not translocated to the nucleus. Cimetidine may also exert a direct antiandrogenic effect on the epithelial cells, antagonizing AR and preventing AR translocation to the nucleus. testosterone levels and/or to a direct antiandrogenic effect of this drug on the fibroblasts (Fig. 8) . Further studies including a cimetidine + testosterone group would be useful to clarify the mechanism of action of cimetidine on the stroma.
In addition to collagen, stromal SHBG levels were also reduced following cimetidine treatment. SHBG in the blood regulates the bioavailability of sex steroids due to modulation of the non-bound hormone fraction, which is able to diffuse into the target cells (Mendel 1989 , Laurent et al. 2016 . Extravascular sequestration of SHBG is observed in human reproductive organs (Sinnecker et al. 1988 (Sinnecker et al. , 1990 and in the stroma of the endometrium and epididymis of transgenic mice expressing human SHBG (Ng et al. 2006) . The presence of this protein in these organs points to a function for SHBG beyond the simple regulation of the free fraction of sex steroids because the steroid target cells are not close to the vasculature in these tissues, and the steroid hormone needs to pass through a complex pathway to reach the target cells (Hammond 2002 , Ng et al. 2006 . To our knowledge, the present study is the first study demonstrating SHBG in the stroma of adult rat cauda epididymis. Our findings are in accordance with those of previous studies, which demonstrated membrane binding sites for SHBG in cauda epididymidis (Felden et al. 1992 , Krupenko et al. 1994 ) and the presence of this protein in the connective tissue stroma of the Wolffian duct of rat fetuses, where SHBG seems to modulate the action of androgens for the epithelial development (Becchis et al. 1996) . Moreover, in the epididymal stroma of transgenic mice expressing human SHBG, this protein is bound to fibulin, an extracellular matrix protein (Ng et al. 2006) . Since in the cauda epididymidis the concentration of SHBG in the luminal fluid is low (Robaire & Hamzeh 2011) , the androgenic supply is probably provided by the blood. This is confirmed by the fact that structural changes are not observed in the cauda epididymidis following the blockage of the androgenic supply from testicular fluid by efferent duct ligation (Fan & Robaire 1998 ). However, after testosterone withdrawal following orchiectomy, the cauda epididymidis undergoes severe structural changes, which are reversed after restoration of serum testosterone levels (Ezer & Robaire 2002) . Therefore, the immunolocalization of SHBG in the stroma confirms the possible role of this protein in the androgen supply to the epithelium (Fig. 8) . Evaluating the immunolocalization of SHBG following orchiectomy and subsequent testosterone replacement would confirm this possibility. The mechanism by which SHBG participates in steroid transport to the epithelial cells has not yet been clarified. Some hypotheses have been proposed, as follows: (1) steroid hormones can dissociate from SHBG and enter into the target cells by passive diffusion (Hammond 2002 , Andreassen 2006 ; (2) SHBG + steroid is internalized by the cell via receptor mediated endocytosis, as observed in the epididymal initial segment (Gueant et al. 1991 , Hermo et al. 1998 ; (3) SHBG + steroid binds to a membrane receptor and releases the steroid to the cell (Rosner et al. 2010) . Considering that endocytosis of SHBG has been observed only in the initial segment of the epididymis (Gueant et al. 1991 , Hermo et al. 1998 , and that SHBG was not immunolocalized in the epithelium of cauda epididymidis, it is reasonable to suggest that Hypotheses 1 and 3 could explain how androgens reach the epithelial cells in cauda epididymidis. Further molecular studies are necessary to clarify this mechanism.
In the cauda epididymidis, the epithelial cell function and structure are essential to maintain an adequate microenvironment for sperm storage (Robaire & Hinton 2002) . The appropriate pH contributes to maintain spermatozoa at immotile state (Shum et al. 2011) , and the pH control depends on androgens (Wong & Yeung 1978 . Moreover, the epithelium secretes proteins that prevent sperm capacitation during storage, and the secretory capacity of epithelial cells is also responsive to androgens (Moore & Bedford 1979 , Koppers et al. 2011 . Therefore, the microenvironment that maintains the sperm storage capacity of cauda epididymidis is probably affected following androgen dysfunction induced by cimetidine.
In conclusion, cimetidine treatment induces stromal atrophy in the cauda epididymidis and subsequent reduction of stromal SHBG levels. In the adjacent epithelium, the treatment impaired the AR nuclear import, reduced the levels of KPNA and induced structural changes. These data point to an interference of cimetidine not only on the androgen function, but also on the androgen bioavailability in the cauda epididymidis, reinforcing the possible role of stromal SHBG for the uptake of androgen from the blood stream, and delivery of this steroid to the epithelial cells. These findings support the important role of stromal-epithelial endocrine crosstalk to maintain sperm storage capacity by the cauda epididymidis, and show that cimetidine can be used as a compound to probe the role of androgens in the cauda epididymidis sperm storage region.
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